INTRODUCTION
Amphipod models are used extensively in lethal (USEPA 1994 , ASTM 1997 , Bat & Raffaelli 1998 , Roddie & Thain 2002 and sublethal toxicity tests employing a variety of endpoints, including growth, reproduction, behaviour and morphology (Malbouisson et al. 1995 , Nelson & Brunson 1995 , Blockwell et al. 1996 , Gray et al. 1998 , Ingersoll et al. 1998 . These endpoints can sometimes demonstrate effects at population and community levels that may be occurring at more marginally contaminated sites in the field (Ingersoll et al. 1998) . Whilst there have been many studies detailing sublethal effects of contaminants on amphipods, few have considered effects upon fecundity at both individual and population levels. Moreover, studies to date using embryo or neonate numbers as measures of fecundity may actually be measuring relative fertility.
Reproductive output can be expressed in various ways at both the individual and the population levels. Examples include mean brood size, mean brood size normalised to female weight, number of embryos per female or surviving female, number of embryos/ neonates per female or surviving female, or number of gravid females per female or surviving female.
ABSTRACT: Fecundity and fertility in the amphipod Echinogammarus marinus (Leach) were investigated at 2 industrially contaminated sites and compared with data from 2 reference sites. Although some studies have used amphipod fecundity or fertility as biomarkers of environmental perturbation, there has been very little standardisation with regard to the endpoints quantified. Mean brood size, brood size normalised to female weight, and embryos in early and late stages of development have been utilised as measures of amphipod fecundity and fertility. The present study examined the effectiveness of all these measures as biomarkers of pollution. The results suggest that different interpretations can be derived depending on the measure used to express fecundity or fertility. Compared with impacted sites, only reference sites had larger broods normalised to female weight. Separating early-and late-egg developmental stages provided additional information as to whether initial fecundity, or relative fertility, was being affected compared with pooled data (all embryo stages). Both reference sites produced more eggs in early stages of development than impacted sites, but only 1 impacted site had fewer embryo numbers at later stages of development. These results indicate that separating embryo stages in field monitoring or laboratory studies provides more effective indicators of reproductive endpoints, and misinterpretations may result if the loss of eggs and/or embryos from the brood chamber is not taken into consideration.
Many field and laboratory studies have demonstrated that fecundity/fertility can be affected by a variety of different contaminants (Sundelin 1983 , 1988 , Borowsky et al. 1993 , Eriksson et al. 1996 , Sundelin & Eriksson 1998 , Zulkosky et al. 2002 .
Whilst investigating fecundity in normal and intersex specimens of the amphipod Echinogammarus marinus (Leach), Ford et al. (2003) showed that female intersex specimens produce fewer eggs than normal females. Dick et al. (1998) reported that females of the amphipod Crangonyx pseudogracilis would selectively eject non-viable eggs when cycling eggs within the brood chamber. Furthermore, reports suggest that both intersex amphipods (Bulnheim 1965) , and amphipods from polluted sites (Borowsky et al. 1997 ) display abnormal brood plates, possibly making eggs liable to escape the brood chamber. Considering the possibility that intersex specimens display abnormal brood plates and may be more likely to produce non-viable eggs, Ford et al. (2003) hypothesised that comparison of the mean number of embryos at early and late stages of development from a population might provide a measure of the loss of embryos from a brood. They reported that intersex specimens showed approximately 30% reduction in mean brood size between early and late stages of development compared with 20% in normal specimens. Ford et al. (2003) suggested that such embryo stage assessment might be applied to ecotoxicological field studies, whereby individuals from contaminated sites might display greater decreases in embryo numbers between early and late stages of development than individuals from reference sites.
In this study, we compare the fecundity of the amphipod Echinogammarus marinus from 2 reference sites (Dunbar and Loch Fleet), 1 intermediate site (Torry Bay), and 1 contaminated site (Inverkeithing Bay) on the east coast of Scotland. Sites were chosen on the basis of water quality and the availability of E. marinus. Both Dunbar and Loch Fleet are categorised as Class A (excellent) under the Scottish Environment Protection Agency (SEPA) classification scheme for estuaries, whilst Torry Bay and Inverkeithing are categorised as Class B (good) and C (unsatisfactory) respectively. Both Torry and Inverkeithing Bay have been recently upgraded from Class C (unsatisfactory) and Class D (seriously polluted) respectively, due to improved water quality (SEPA pers. comm.) . Torry Bay is situated in the mid-region of the Forth Estuary and has been subject to petrochemical discharges since the 1920s (McLusky & Martins 1998) . Inverkeithing is a semi-enclosed bay with a shipbreaker's yard on the south shore and a paper mill on the north shore, and is characterised by elevated levels of PCBs, heavy metals and paper fibres in the sediments (SEPA 2000) .
Echinogammarus marinus is a highly abundant amphipod in marine and estuarine intertidal regions along NE Atlantic coastlines, stretching from Norway to southern Portugal (Lincoln 1979) . E. marinus is relatively large, with males reaching up to 25 mm in length and females up to 20 mm. E. marinus females produce approximately 20 eggs per brood (Cheng 1942) that are extruded in a brood chamber (marsupium). As with many amphipods, males and females form pre-copula pairs, whereby the males hold on to females until they moult and fertilisation can take place.
The aim of this study was to assess the effects of 2 industrially contaminated sites on reproductive parameters of Echinogammarus marinus by comparison with amphipods at reference sites. Observations of fecundity and relative fertility are discussed in relation to environmental contamination. Furthermore, the relative merits of assessing different embryonic stages of E. marinus and other species as biomarkers in reproductive toxicity experiments and monitoring programmes are discussed.
MATERIALS AND METHODS
Specimens of Echinogammarus marinus were collected from underneath stones and seaweed at the 4 field sites between February and July 2002 (Table 1) and taken back to the laboratory for identification according to Lincoln (1979: synonym Chaetogammarus) . All specimens were anaesthetised with carbonated seawater, sexed, blotted dry with tissue paper and then weighed. Embryos were removed from all gravid females using a fine pipette. These were counted and categorised according to 6 embryonic stages described by Sheader & Chia (1970) (Fig. 1) . The term 'embryo' is used synonimously with egg throughout this manuscript as 'early'-stage embryos may also include unfertilised eggs. Brood sizes were recorded and either 304 expressed as embryos per female, or embryos per female normalised for weight, the latter because of the recognised correlations between female size and brood size (Cheng 1942 , Skadsheim 1984 , Adams 1989 , Glazier 2000 , Ford et al. 2003 . All embryos were classified within 2 d of collection to prevent further development in conditions not representative of those in the field. Specimens were stored at 10°C during processing to further reduce embryonic development. All monthly data for each site were pooled for statistical analyses, which were carried out using SPSS for Windows (Version 10). Where normality of data was not observed (e.g. mean brood-size data), simple square-root transformation was conducted and normality was achieved. Homogeneity of variance could not be achieved, and so Tamhane's multiple comparison tests (SPSS 2001) , whereby homogeneity is not assumed, were performed.
RESULTS
A total of 2891 Echinogammarus marinus were examined during this survey (Table 1 ). Fig. 2 shows that the mean numbers of embryos decreased with increasing developmental stage (except Stage 1), with the greatest decrease occurring between Stages 3 and 4. For this reason, embryonic stages were reclassified according to Ford et al. (2003) as early (Stages 1 to 3) and late (Stages 4 and 5).
The mean number of embryos per female (± SD) decreased in the order Dunbar, Torry Bay, Inverkeithing and Loch Fleet (24.8 ± 13.88, 22 ± 10.29, 17.3 ± 10.83 and 17 ± 8.38, respectively; Fig. 3a) . The mean number of embryos (± 2 SE) normalised for weight (mg) decreased in the order Dunbar, Loch Fleet, Torry Bay and Inverkeithing (0.41 ± 0.01, 0.39 ± 0.01, 0.36 ± 0.01 and 0.31 ± 0.01, respectively; Fig. 3b ). The mean female weight (± SD) for each site decreased in the order Torry Bay, Inverkeithing, Dunbar and Loch Fleet (57.1 ± 21.1, 56.7 ± 21.3, 51.1 ± 20.1 and 39.0 ± 16.6 mg, respectively).
Brood-size data (square-root-transformed) for each site were compared, revealing significant differences between sites (ANOVA, F 3,1006 = 28.772; p < 0.001). Multiple comparison tests revealed significant differences (Tamhane's test p < 0.001; Fig. 3a ) between each site, except between Inverkeithing and Loch Fleet, and between Torry Bay and Dunbar. Embryo numbers normalised to weight (Fig. 3b ) revealed different patterns in mean brood size per female. Significant differences were found when comparing all sites (ANOVA, F 3,1006 = 18.121; p < 0.001). All sites differed significantly (Tamhane's test p < 0.01) from each other, apart from Dunbar and Loch Fleet, and Loch Fleet and Torry Bay.
When comparing early and late stages of development, Stages 1-3 and 4-5 were pooled and classified as early and late, respectively. We used 2-factor analysis of covariance (ANCOVA) to compare the different sites and stages of development (early and late), with weight as a covariable. Significant differences were observed between sites, developmental stages and the covariable, weight (ANCOVA, F 1, 720 = 16.24, F 1, 720 = 22.81 and F 3, 720 = 234.94, p < 0.001, respectively, Fig.  4 ). There was no significant interaction between site and developmental stage (p = 0.159). Fig. 5a shows the mean brood sizes (± 2 SE) of females carrying embryos in early stages of development (normalised for weight). More embryos in early stages of development were seen at reference sites than at impacted sites (0.41 ± 0.01 and 0.41 ± 0.02 late stage embryos per maternal weight for Torry Bay and Inverkeithing, respectively). ANOVA revealed significant differences between sites (ANOVA, F 3, 490 = 6.562; p < 0.001). No significant differences were observed between the 2 reference sites and the 2 polluted sites, respectively (Tamhane's test p > 0.05). Torry Bay produced significantly fewer embryos than the 2 reference sites (p < 0.001), and whilst Inverkeithing Bay specimens had lower numbers of embryos in early stages of development than the 2 reference sites (Dunbar and Loch Fleet), these differences were not significant at the 95% level (p = 0.076 and p = 0.097, respectively).
The 2 reference sites similarly had a greater mean number of later-stage embryos (0.39 ± 0.02 and 0.41 ± 0.01 embryos per maternal weight for Dunbar & Loch Fleet, respectively) than the 2 contaminated sites (0.37 ± 0.03 and 0.29 ± 0.02 embryos per maternal weight for Torry Bay and Inverkeithing, respectively, Fig. 5b ). ANOVA indicated significant differences between sites when comparing embryos in late stages of development (ANOVA, F 3, 231 = 9.272; p < 0.05). No significant differences were found between Dunbar, Loch Fleet, and Torry Bay. Inverkeithing (polluted) had significantly fewer embryos in later stages of development than the 2 reference sites (Tamhane's test p < 0.01).
DISCUSSION
Reproductive gametes (and zygotes) are usually more susceptible to toxicants than adults, especially organisms that undergo external fertilisation (Connell et al. 1999) . Furthermore, species survival depends ultimately on reproductive success and quality of offspring. For this reason, reproductive variables are sometimes considered more direct markers of significant toxicological effects.
Fecundity, in the strictest sense of the word, means 'the number of eggs/gametes produced by an individual', whereas fertility can be considered as 'the number of viable offspring per female'. Ford et al. (2003) hypothesised that comparison of embryo numbers at early and late stages of development might detect embryolevel effects of contaminants. Differences in fecundity versus fertility might therefore be a useful biomarker of pollution. Moreover, measuring both fecundity and fertility separately may provide useful insights into the mechanism of effect in various contaminants, i.e. whether a pollutant is having an effect on a developing gonad within a parent or a toxic effect on progeny. In this study, no apparent differences were found in the mean brood size at impacted and reference locations when maternal weight was not taken into consideration. However, when normalised to weight, the mean brood size separated in a decreasing order from the 2 reference sites (Dunbar and Loch Fleet) followed by the intermediate site (Torry Bay) and the most contaminated site (Inverkeithing), suggesting that fecundity and/or fertility may be affected by the contaminants at the polluted sites.
The mean weight of the females in the populations was greater at the impacted sites than at the reference sites during the period of this study. Apart from a few exceptions (e.g. Gammarus duebeni : Cheng 1942 , Dunn & McCabe 1995 , there are strong correlations between length/weight variables and fecundity in many amphipod species (Cheng 1942 , Skadsheim 1984 , Adams 1989 , Glazier 2000 , Ford et al. 2003 .
Categorising embryonic development into 6 stages according to Sheader & Chia (1970) Lawrence & Poulter 2001, A. Ford unpubl. data) . For this reason, the data were then grouped so that Stages 1 to 3 were classified as 'early' stage embryos, and Stages 4 and 5 as 'late' stage embryos. This reduced the variance of the data and increased the statistical power of the analysis. Stage 6 (hatched) was not considered due to varying emergence times from the marsupium.
Embryo-stage assessment, as used in this study, may provide interesting insight into the differing sensitivity of embryonic stages. By using the same initial embryonic classification, Lawrence & Poulter (2001) reported that embryos exposed to a variety of contaminants in vitro were mostly affected during Stages 2 to 4. Quantifying embryo loss may also prove useful in assessing parental behaviour in some egg-brooding crustaceans, whereby there may be active ejection of non-viable/abnormal eggs or embryos. Whilst it is not clear whether the embryo loss observed in this study was entirely through active ejection or passive loss, it seems possible that this extraparental care may be more common throughout marine brooding crustaceans, such as Amphipoda.
Females at both reference sites carried approximately 13% more eggs in early embryonic stages than females at the contaminated sites, suggesting that pollution might be affecting fecundity (i.e. the number of eggs produced) directly. However, comparisons of the embryos in late stages of development revealed a different pattern from that of early stage embryos. There were no significant differences between the 2 reference sites and Torry Bay, whilst all 3 of these sites had significantly more embryos reaching later stages of development than Inverkeithing (25, 30 and 22% for Dunbar, Loch Fleet and Torry Bay, respectively). Therefore fertility and embryonic development, as well as fecundity, may be affected at the most contaminated site. Increased contaminants at Inverkeithing may not only have affected ovary maturation, and hence egg quality/oocyte development, but also embryonic survival at sensitive life stages, as demonstrated through increased embryo loss. Although, as suggested earlier, this may be also a consequence of passive brood loss through abnormal brood plates. There were, in the current study, a few broods at Inverkeithing with irregularly developing embryos, suggesting toxic/endocrine mediated effects; however, these were not quantified.
A variety of contaminants have been shown to affect fecundity, egg viability and embryonic development in amphipods, including oil associated pollutants (Baden 1990 , Lawrence & Poulter 2001 , PCBs (Borowsky et al. 1997) , heavy metals (Sundelin 1983 , Conradi & Depledge 1998 , Lawrence & Poulter 2001 , and pulpmill effluent (Eriksson et al. 1996) .
The results from this study raise some important questions with regard to reproductive endpoints in crustacean models used in toxicity studies and environmental monitoring. By using slightly different reproductive variables relating to egg and/or embryo numbers, different interpretations of results can be derived, and thus there is a need to standardise methodology further. A number of published studies do not take differences in maternal weights into account and, furthermore, some studies have failed to differentiate between embryonic stages, which resulted in misleading conclusions.
Failure to take into account the drop in the mean brood size between early and late stages of development may similarly lead to underestimation of initial fecundity. For example, in the current study, approximately 30% difference was observed between early and late stages of development at Inverkeithing. Such large differences may also lead to misinterpretation as to whether initial fecundity or fertility is being affected, which may result in a misleading assessment of the causal mechanisms involved. Ford et al. (2003) observed reduced fecundity in intersex female Echinogammarus marinus, which was thought could be partly due to the inclusion of testicular tissue observed within the ovary and possibly reduced egg quality.
This study has confirmed that fecundity, embryonic development and fertility can be useful and practical endpoints in ecotoxicology. Furthermore, by differentiating between early and late stages of development, a clearer indication can be obtained as to whether fecundity or fertility might be affected. This methodology may prove transferable to other species that produce relatively few numbers of eggs with clearly defined and quantifiable embryonic development stages. However, the correlation between maternal size and egg production and seasonal patterns must be taken into account.
